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Abstract 
A novel thermal flow sensor transduction method is presented combining advantages of the calorimetric and the hot-film 
transduction principle. Four thin-film germanium thermistors are embedded in the silicon-nitride membrane acting as heat 
sources and as temperature sensors simultaneously. These devices operate in a Wheatstone bridge. The voltage across the bridge 
as well as the total dissipated power serves as output quantities. Two sensor configurations with different arrangement of the 
membrane thermistors were examined experimentally. Moreover, we investigated the influence of different layouts on the rise 
time, the sensitivity, and the usable flow range by means of two-dimensional finite element simulations. 
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1. Introduction 
Calorimetric flow sensors consist of a miniaturized heat source in combination with spatially separated temperature 
sensors (e.g., thermistors), all embedded in a thin membrane [1]. The thermistors measure the local changes of the 
temperature at a position upstream and downstream of the heat source. In case of a resting fluid, the generated 
temperature field is symmetrical regarding the heat source. Any convective heat transfer above the sensor surface 
disturbs this thermal symmetry inside the membrane. Since the fluid temperature increases in the direction of the 
flow, the cooling effect is more pronounced upstream of the heater and reduced - or even reversed - in the 
downstream area. The related downstream-upstream temperature difference is converted into an output voltage. 
With increasing flow, the temperature difference increases up to a maximum and decreases afterwards since the 
entire membrane cools down. The maximum can be shifted towards higher flow rates if the dissipated electrical 
power is increased according to the cooling rate. The applied power and the difference between the two 
temperatures can be used as a measure for mass flow, fluid velocity, and flow direction. The flow range and the 
sensitivity are strongly influenced by the distance between heater and temperature sensors [2, 3]. 
Hot-film flow sensors may directly exploit the temperature of a planar heat source exposed to the flow. 
Maintaining a constant excess temperature of the film, the required heating power can be utilized as sensor output, 
which is the preferable transduction mode at high flow rates. The latter method requires advanced electronic means 
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 for simultaneous power dissipation control at the one hand and precise temperature measurement of the very same 
device at the other hand.  
In this paper, we deal with a flow sensor combining certain advantageous of both mentioned transduction 
methods. This device is based on an array of four germanium thermistors embedded in the sensor membrane. They 
act as localized heat sources and as temperature sensors at the same time (hot film transduction). However, each 
thermistors resides in close vicinity to the other three devices, resulting in a further (i.e., calorimetric) contribution 
to its excess temperature. This interaction enables the extraction of the flow direction from temperature differences. 
Hence, the observed excess temperature of each thermistor depends on its own power dissipation, on the heat 
supplied by the other thermistors, and the convective heat transfer.  
 
 
 
 
 
 
 
 
 
   
 
 
 
Fig. 1. (a) Photomicrograph of the flow sensor chip (design embodiment 1). Membrane size: 0.5 × 1 mm²; (b) Schematic cross section of the flow 
sensor. Substrate thermistors (ST) measure the ambient temperature. Membrane thermistors (Rth,1-4) are used as active elements. Table shows 
design variations (distances a, b). 
2. Flow Sensor Design 
The multilayered sensor membrane consists of the SiO2 and Si3N4 wafer coating, and the top passivation layer 
SiNX, featuring the thicknesses 250 nm, 70 nm, and 1250 nm, respectively. The overall thickness, length, and width 
measure 1.57 µm, 1000 µm, and 510 µm, respectively. A typical sensor configuration is depicted in Fig. 1a. Four 
thermistors are symmetrically arranged regarding to a centric chromium resistor, which was not utilized in our 
presented transduction principle. Two different arrangements of the membrane thermistors were investigated 
(Fig. 1b). Each thermistor consists of a 260 nm thick germanium film, which is contacted by four metal strips (Ti-
Au-Cr sandwich) exhibiting a total thickness of 270 nm. The high TCR of about -0.0192 1/K of amorphous 
germanium enable high temperature sensitivities. Two additional thermistors are arranged at the silicon substrate to 
determine the ambient temperature. Fig. 1b indicates the investigated design variations (distances a, b).  
3. Measurement and Simulation Setup 
The sensor chip was mounted flush with the wall of a rectangular flow channel of 0.5 mm height and 1.2 mm 
width (Fig. 2a). This was achieved using a PCB (Printed Circuit Board) of about 0.8 mm thickness. A milled recess 
accommodates the sensor chip flush with the surface of the PCB. Mean flow velocities of N2 of up to 20 m/s were 
established by a standard 2 liter/min mass flow controller. The thermistors are suitably connected to form a 
Wheatstone bridge (Fig. 2b). The voltage across the bridge UB, as well as the total dissipated power ISUP·USUP 
depend on the thermistor resistance values and hence on the flow velocity. In order to avoid the destruction of the 
thermistors due to their NTC-characteristic, we supplied the bridge by a constant electric current ISUP= 70 µA 
ensuring that the thermistor voltages do not exceed the rated value of 6 V. Current driven NTC thermistors show 
increasing power dissipation with decreasing device temperature. Hence, a negative feedback is established with 
respect to convective cooling, leading to a wider measuring range.  
 
 
 a [μm] b [μm] 
design 1 125 125 
design 2 112.5 75 
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Fig. 2. (a) Sensor chip incorporated in the wall of miniaturized flow channel; (b) Wheatstone bridge comprising four membrane thermistors. The 
bridge is supplied by a constant current ISUP = 70 µA. Both voltages UB and USUP are flow dependent. 
 
Beside the measurements, we performed simulations of the novel transduction method leading to valuable hints 
for the sensor design. The various design of the sensor were examined by 2D FEM simulations, varying a and b 
systematically (membrane width 510 µm, thermistor width 35 µm).  
4. Experimental and Simulation Results 
The presented flow sensor configuration benefits from two features: First, it provides all four thermistors with the 
necessary current. Second, it utilizes the temperature variation of each of them to generate the output signal. Any 
flow passing by cools the thermistors next to the flow inlet (Rth,2, Rth,3) more efficiently than Rth,1 and Rth,4. The 
substrate thermistors ST1 and ST2 acquire merely the ambient temperature. We investigated experimentally two 
different sensor configurations with different arrangement of the membrane thermistors (design embodiment 1: 
a = 125 µm, b = 125 µm and design embodiment 2: a = 112.5 µm, b = 75 µm). Fig. 3a collects measured results for 
a mean flow velocity of up to 20 m/s. The bridge voltage UB is the preferred output quantity for low flow velocities. 
However, the non-monotonous characteristic requires that the flow is limited to a few m/s only. Fortunately, the 
total dissipated power PSUP exhibits sufficient flow dependence to be used as output signal. It amounts to 
approximately 380 µW for a typical thermistor resistance of 80 kΩ at ambient temperature and moderate flow rates.  
 
         
 
Fig. 3. (a) Comparison of the measured output characteristics UB and PSUP over the wide flow range of up to 20 m/s for design 1; (b) Measured 
relative amplitude of the bridge voltage UB for two alternative sensor designs.  
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 Fig. 3b compares the measured maximum value of the UB/UBmax characteristics of both design embodiments. 
These results suggest a design-trade-off between high initial flow sensitivity and useful flow range.  
 
  
Fig. 4. Examples of simulated characteristics obtained for air flow: rise time (left), monotonous measurement range (middle), and initial 
sensitivity (right) dependencies for different thermistor-to-thermistor distances. 
 
By means of a finite element (FE) simulation analysis, the effect of layout variations on the sensor behaviour was 
investigated. For dynamic characterisation (rise time simulations), the stationary simulation results for vin= 0 m/s (no 
flow) were used as initial state. Fig. 4 shows the simulation results for the rise time, the usable flow range, and the 
sensitivity. The maximum permissible flow velocity for unambiguous transduction vmax, initially decreases with 
increasing a. However, for b ≤ 100 µm a minimum of the flow range occurs. Additionally, the rise time decreases 
with increasing distance a, although the largest change is observed for small values of b. Moreover, the initial slope 
of the UB characteristic, i.e., the flow sensitivity, increases monotonically with increasing a and decreasing b. 
Hence, in order to achieve a high sensitivity, it is desired to group the thermistors into pairs of closely spaced 
thermistors and to separate these pairs as far as possible.  
5. Conclusion 
We investigated a novel thermal flow sensors transduction method which combines advantages of the 
calorimetric and the hot-wire transduction principle. Four thin-film germanium thermistors were embedded in the 
silicon-nitride membrane and connected to form a Wheatstone bridge. As output quantities, we analyzed both, the 
voltage across the bridge UB and the total dissipated power PSUP applying a constant supply current. The high 
temperature sensitivity of the thermistors combined with properly designed resistance values results in sub-1mW 
power demand for gas-flow transduction, as confirmed by measurements. Evaluating the bridge voltage, an 
excellent sensitivity is achieved at low flow velocities. In contrast, the total dissipated power of the bridge offers a 
wider measurement range at the expense of worse sensitivity. FE analyses revealed the main effects of layout 
variations on rise time, sensitivity, and usable flow range.  
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